Introduction
============

Nanotechnology is a technology of art and science that deals with nanoscale materials ranging from 1 to 100 nm along with their applications[@R1]. Amongst various types of nanomaterials, noble metal nanomaterials have grabbed immense consideration owing to their exceptional optical, electronic, and catalytic properties[@R2]. In the recent times, gold nanoparticles (AuNPs) are extensively being explored because of their unique properties and uses in the field of biomedicine[@R3]. In particular, the multiple-surfacefunctionality of gold nanoparticles has facilitated their nanobiological adherence with oligonucleotides[@R4]. Drugs[@R5]. Protein[@R6], and antibodies[@R7]. Also, the optical nature of AuNPs allows them to enact a significant role as marking agent in the science of bioimaging[@R8]. On the other hand, the bacterial existence in river and pond water has harmful effects on both human beings and living organisms, by causing long-standing diseases. To resolve the problems caused by these bacteria, several inorganic materials and nanomaterials have already been reported because of their very good anti-bacterial activity. Among them metal nanoparticles such as, gold and silver nanoparticles has got serious attention of researchers due to their anti-bacterial as well as biocompatible nature with high surface to volume ratios.

In spite of the use of physical and chemical methods for the synthesis of nanoparticles, there is still a critical requirement to develop environmentally benign procedures which do not include the use of highly toxic chemicals, particularly for the medical objective[@R9]. However, synthetic procedures that involve the use of natural products as reducing agents are needed to focus further in order to minimize their vulnerable effects on the nature and mankind. Green substrates like algae[@R10],[@R11], fungi[@R12]. and enzymes[@R13]. were noted to be successfully employed in the synthesis of AuNPs. Moreover, owing to the complications suffered during microbial assisted synthesis[@R14], plant mediated synthesis is being extensively developed in course because of its less difficult handling along with more easy control over the shape and size of nanoparticles. Plant mediated synthesis has many advantages as it is relatively safe and fast as well as successful even in room temperature conditions with no requirement to use more physical equipments[@R15]. Interestingly, almost every part of the plant is reported to be useful, in particular, the leaves[@R16]--[@R19]. while some other reports also focused even on thepeels of fruits[@R20].

Recently, nanofibers, nanomaterials, nanoscaffolds and other biomaterials are being utilized as topical drug deliveryagents for wound healing. However, a significant proportion of nanomaterials are being employed in several biomedical applications for drug delivery, wound dressings together with other medical procedures[@R21]. It was reported earlier that secondary plant metabolites like alkaloids, flavonoids, terpenoids, and phenolic acid are engaged in the reduction of nanoparticles. To the best of our knowledge, there is no previous literature that discussed about *Dillenia indica* leaves extract in the preparation of AuNPs or any other metal nanoparticles. Here in this study, we have developed the biosynthesis and characterization of AuNPs by using aqueous extract of *Dillenia indica* leaf extract. Further, the obtained biosynthesized AuNPs were tested for their anti-bacterial activity to check their ability for disinfection. We chose the *Dillenia indica* plant extract for the green synthesis of NPs because the plant extract based methods are green, low cost and eco-friendly when compared to traditional chemical methods. Also, because of the harmful nature of reducing agents used, the obtained AuNPs can be used for environment and biological applications.

Experiment
==========

Materials
---------

Hydrogen tetrachloroaurate (III) (HAuCl~4~ 3H~2~O, 99.97 %) was used as a precursor for the synthesis of AuNPs, which was obtained from Sigma-Aldrich, China. All the solutions were prepared with deionized water.

Extract preparation
-------------------

Dried *Dillenia* indica leaves weighing about 1 gm were crushed and made into powder. The obtained powder was then dispersed in 100 mL distilled water by gentle stirring followed by heating at 100 °C for about 30 min. Mesh was used to filter the extract, followed by 0.2 µm Millipore filter, and stored at −20 °C before apply.

Bio-mediated gold nanoparticle synthesis
----------------------------------------

20 mL of *Dillenia indica* leaves extract was mixed with 80 mL of 1mM Hydrogen tetrachloroaurate solution and placed in dark conditions with constant stirring for about 30 min. The solution was further centrifuged for 30 min at 3000 rpm. The pellet and the supernatant were separated and pellet was placed in oven for 2 h for drying at 40 °C.

Antimicrobial activity
----------------------

The anti-microbial activity was conducted following agar well diffusion method. In brief, the bacterial suspension of both isolates of *S. aureus* and *E. coli* were cultivated for about 24 h which later made to 0.5 McFarland turbidity standard. From the above both prepared suspension, about 100 µL were spread onto Mueller-Hinton agar plates using sterile swabs followed by drying at room temperature. About 4 mm diameter wells were made into agar plate using cork borer maintaining an inter well distance of about 22 mm. Then, AuNPs samples were loaded into all the wells at different concentrations. Later, the plates were allowed for incubation for 24 h at 37 °C. The transparent graph sheet was used to measure the diameters of inhibition.

Characterization
----------------

X-ray diffraction (XRD) technique was used to analyze the phase purity which was recorded by means of diffractometer (XPERT-PRO) bearing nickel-filtered Cu (λ = 1.542 Å) at 40 kv and 30 mA. XRD pattern based on the line width of the (1 1 1) peak was used to determine the mean particle size of nanoparticles through the Debye-Scherrer method. FTIR spectrometer (Perkin-Elmer 1725X, Waltham, MA, USA) was employed to evaluate the mean size and particle size distribution of nanoparticles on the basis of TEM images. A simultaneous measurement of selected area electron diffraction (SAED) pattern is performed. UV-Vis spectrophotometer (a Lambda 25-Perkin Elmer, Waltham, MA, USA), was used to observe the UV-Visible absorption wavelength of samples in the range of 200--800 nm.

Result and discussions
======================

A comprehensive analysis on the *Dillenia indica* leaves extract mediated biomediated AuNPs was performed in this work. A change in the colour of medium was observed from yellow to light ruby red after 30 min and then altered to dark purple after 1 h of incubation has denoted the formation of AuNPs. The color alteration of the medium was determined by visual assessment.

-vis spectroscopy could be used to notice the reduction of the AuCl4- ions during the exposure to *Dillenia indica* leaf extract solution and formation of gold nanoparticles. Surface Plasmon Resonances (SPR) could be observed by the appearance of light ruby color due to the characteristic excitation of gold nanoparticles and formation of an absorption band at 510--545 nm. [Figure 1](#F1){ref-type="fig"} represented the UV-vis absorption spectra of the reaction mixture obtained after 20 min of reaction. Clearly distinct SPR band absorption spectra of the formed AuNPs appeared at around 530 nm. An increase in the number of nanoparticles owing to the reduction of gold ions in the aqueous solution was observed by an increase in the intensity of absorption wavelength. The clear dispersion of particles in the solution without much aggregation was signified by the sustainable AuNPs band at about 530 nm even after 24 h of incubation time.

![The UV-visible absorption spectra of the biosynthesized AuNPs.](AFHS1901-1441Fig1){#F1}

[Figure 2](#F2){ref-type="fig"} disclosed the XRD pattern for biosynthesized AuNPs by making use of *Dillenia indica* leaves extract solution. The face-centred cubic structures of the obtained gold nanoparticles were detected by a number of Bragg reflections with 2θ values of 38.12°, 44.34°, 64.28°, and 77.63° which refer to the (111), (200), (220), and (311) sets of lattice planes while broad Bragg\'s peaks denoted the formation of nanoparticles. However, the presence of some bio-organic compounds on the surface of prepared gold nanoparticles was attributed to the formation of sharp peaks.

![The XRD pattern of biosynthesized AuNPs.](AFHS1901-1441Fig2){#F2}

Additionally, the formation of polydispersed and different shapes of AuNPs has been observed from the TEM images. As displayed in [Figure 3](#F3){ref-type="fig"} (A--C), characteristic size-distribution histogram and respectiveTEM images of the newly formed AuNPs have disclosed spherical shaped AuNPs with a broad spectrum of particle size. Further, the AuNPs formed at 20% ACE signified the formation of gold naoparticles with the size ranging from 5--50 nm. The clear lattice fringes on the particle surfaces were represented by the ultra-high resolution TEM images. SAED pattern has disclosed the single crystalline nature of the biosynthesized AuNPs with the fcc phase. [Figure 3D](#F3){ref-type="fig"} presented (111), (200) and (220) planes of the fcc crystalline lattice of AuNPs which were in accordance with the rings.

![TEM images (A-C) and SAED pattern (D) corresponding to biosynthesized AuNPs.](AFHS1901-1441Fig3){#F3}

Further evaluation of the accounted functional groups that are essential for the reduction of AuNPs was carried out by means of FTIR spectroscopy. The spectra of pure *Dillenia indica* leaf extract along with that of *Dillenia indica* leaf extract-mediated AuNPs was shown in [Figure 4](#F4){ref-type="fig"}. However, O-H stretching observed due to the existence of flavonoids, phenols, anthocyanins, and benzophenones was represented by the most significant stretching at 3000--3500 cm^−1^,[@R23]. Also, the carbonyl group of the leaf extract which played a crucial role in the capping and stabilization of the AuNPs was attributed to a minor shift[@R24]. The incidence of C-H bond in xanthone and other compounds in the *Dillenia indica* leaf extract was denoted by the O-H stretching in the region of 2919 cm^−1^ and 2914 cm^−1^,[@R25]. The C-H band splitting into two at different regions of 2914 cm^−1^ and 2845 cm^−1^ revealed the change of transmittance due to the formation of AuNPs[@R26], while C=O stretching was represented by a band at 1700 cm^−1^,[@R27]. However, the existence of aromatic rings in the *Dillenia indica* leaf extract was strongly supported by the incidence of a band around 1600--1500 cm^−1^. The presence of aromatic backbone in the *Dillenia indica* pericarp was denoted by the C-C aromatic stretch bands at about 1500--1400 cm^−1^. Initially, C-O-C stretch appearedin the range of 1300--1000 cm^−1^, while a shift from 1279 cm^−1^ to 1234 cm^−1^ was observed due to capping with AuNPs[@R28]. Consequently, all these observations strongly inferred that the polyphenols of *Dillenia indica* leaf extract are functionally significant for the capping and reduction of Au+3 to Au0 nanoparticles[@R29],[@R30].

![FT-IR spectrum of bio-synthesized gold nanoparticles](AFHS1901-1441Fig4){#F4}

Anti-bacterial activity
-----------------------

The effect of biosynthesized AuNPs are studied with concentrations of 1.0 and 1.5 mg mL^−1^ towards both *E. coli* (gram positive bacteria) and *S. aureus* (gram negative bacteria). The activity is performed by the well diffusion agar method (Shown in [Fig. 5](#F5){ref-type="fig"}).

![Antimicrobial activity of AuNPs used well diffusion test](AFHS1901-1441Fig5){#F5}

From the examination results, it is found that AuNPs of 1.0 and 1.5 mg mL^−1^ prepared by using plant extracts exhibited very good anti-microbial activity towards gram negative *S. aureus* with corresponding zone of inhibition of about 23.5 and 25.5 mm correspondingly when compared with that of standard drug, Ciprofloxacin which is about 20 mm. On the other hand, the gram positive bacteria *E. coli* has exhibited a zone of inhibition of about 25 and 28 mm when treated with the same concentration of AuNPs where as Ciprofloxacin showed a zone of inhibition of about 23 mm. From the results, it can be concluded that biosynthesized AuNPs exhibited higher antibacterial effect towards gram positive bacteria than gram negative bacteria. It was also found that anti-bacterial activity of AuNPs is dose dependant and the obtained results are comparable to the treatment of standard drug, Ciprofloxacin (0.5 mg mL^−1^). The increase in the anti-microbial activity of AuNPs with increase in the concentration may be because of the harmful effect of AuNPs with the cells with generation of reactive oxygen species resulting in the cell death. Further, the effective anti-microbial activity of prepared AuNPs signified their potential disinfection related applications in the scope of medicine and biology.

Conclusion
==========

The synthesis of gold nanoparticles by means of *Dillenia indica* leaves extract was accomplished in an ecofriendly approach without making use of any toxic chemicals. The synthesized gold nanoparticles were subjected to different characterization techniques to estimate that they are polydispersed, consisting of various shapes like spherical, triangular, tetragonal, and pentagonal with irregular contoursspherically agglomerated particles with an average particle size of 5--50 nm. Furthermore, the antibacterial activity of AuNPs was examined which revealed significant activity towards both gram negative and gram positive bacteria signifying their potential disinfection related applications in the scope of medicine and biology.
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